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Abstract
This paper deals with the effect of temperature (room and low temperatures) on the tensile properties at high strain rates of
CFRP laminates. Dynamic tests were performed on different carbon/epoxy laminates configurations: unidirectional, [0]10 and
[90]10, and quasi isotropic [±45/0/90]S. All these tests were carried out at two temperatures: 20 and 60 °C. Validation of Hop
kinson bar theory using one dimensional wave propagation theory was performed by analysing the effect of low temperature on
elastic wave propagation along the bars of the experimental device, and the subsequent wave dispersion phenomena. The value
of the strain on the specimen derived from the signals recorded at the bar gauges was compared with that obtained from a gauge
glued on the specimen. All the experimental results of the response of CFRPs at high strain rates and low temperature are analysed
and discussed.
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1. Introduction
Fibre reinforced composite materials (FRPs) are
widely used in high technology structural applications,
on account of their high stiffness, high strength and
low density, especially in applications, such as aeronau-
tic and aerospace, in which the ratio stiffness/weight and
strength/weight are critical [1]. In some of these applica-
tions, structures may be subjected to impulsive loading
such as the impact of debris during take off or landing
of a plane, or to the release of a turbine blade. The
mechanical response (load-deformation relationship
and failure) of composite materials may be sensitive to
the loading rate. A full characterization of the behaviour
of FRPs under dynamic has prompted numerous inves-
tigations in recent years [2 5]. But further, more re-
search is still required [2].
Because of the experimental difficulties involved, few
reliable data are available. Much of the work on the dy-
namic properties of composite materials was in bending
at medium strain rate using Charpy pendulum and Drop
Weight Tower devices [6,7]. Although relatively high
strain rates can be achieved with these techniques, diffi-
culties arise from the existence of non-uniform stress
fields and multiple types of damage [8], which hinder
the fundamental formulation of strain rate effects on
material properties [9]. So test specimens should be sub-
jected to homogeneous state of stress, such as the uniax-
ial tensile test, to determine the effect of strain rate on
the mechanical behaviour of composite materials. One
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way to get a uniaxial homogeneous state of stress at high
rates is by using the split Hopkinson pressure bar, which
is the most widely used experimental technique to inves-
tigate material behaviour at high strain rates. This de-
vice was first introduced by Kolsky [10] in the split
compression version. Other compression [11,12], shear
and torsion [13 15], tensile [16], flexural and fracture
[17 19] and even biaxial [20] versions have been devel-
oped over the last decades.
Several authors report dynamic tensile test on CFRPs
using a split Hopkinson pressure bar at room tempera-
ture [2,4,21 24]. On unidirectional laminates, most of
the results showed no effect of strain rate on the Young
modulus and tensile strength in the fibre direction, while
others detected a slight strain rate effect on theses
properties, either a decrease [17] or an increase [8]. On
quasi-isotropic and woven laminates, a significant rise
of stiffness and strength were observed [21,24].
In aeronautical and aerospace applications, struc-
tural components made of CFRPs laminates may be
subjected to low temperatures. Low temperatures
may modify the mechanical properties [25] for two rea-
sons: first, the changes of the mechanical properties of
the matrix and the fibres with temperature, and sec-
ond, the thermal stresses due to the mismatch of the
thermal expansion coefficient of each constituent. The
latter will affect the tensile strength of the composite
laminate [26]. Most studies have focused on static
properties, such as the influence of low temperature
on the Young modulus [27] and shear modulus [28]
at temperatures over ÿ150 °C. However, little has been
published on CFRP behaviour at high strain rates and
at low temperatures, as stated in some recent papers
[29], probably due to the great difficulty in obtaining
valid results.
With the Hopkinson bar, the need to cooling down
the specimen requires the coupling of a non-standard cli-
matic chamber to the set-up. If an adhesive clamping
system is used to connect the specimen to the bar, the
low temperature gives rise to an embrittlement of
the joining materials. A direct strain measurement on
the specimen involves the use of special strain gages
and adhesives. Dispersive wave effects could become
important at low temperature, given the variation of
elastic properties and geometry of the bars.
This study examines the mechanical behaviour of car-
bon fibre reinforced epoxy laminates at high strain rate
and low temperature, by means of uniaxial tensile tests
using a split Hopkinson pressure bar with different
stacking sequences: unidirectional (in fibre and trans-
verse direction) and quasi-isotropic. Different specimen
bar clamping systems were tried to select the most
appropriate for this materials and thermal conditions.
The effect of temperature on elastic wave propagation
on the bars was evaluated, together with the applicabil-
ity of the classical Hopkinson bar theory to obtain ac-
tual stress strain curves. Finally, the influence of low
temperature (down to ÿ60 °C) on the dynamic proper-
ties of CFRPs was studied.
2. Experimental methods
2.1. Experimental set-up
Dynamic tensile tests were performed using a modi-
fied tensile split Hopkinson bar as sketched in Fig. 1.
The device consists of a gas gun, an input bar and an
output bar, the supports, and a data acquisition system.
Both bars are of high-yield silver-steel, 22 mm in diam-
eter and 1 m long, and they can move horizontally with-
out any restriction.
The experimental set-up works in the following way:
an air gun that impels a projectile against one end of the
incident bar connector and generates a tensile pulse
which travels along the incident bar. When this pulse
reaches the specimen, partial is reflected, and partial is
transmitted to the specimen and to the output bar.
The stress pulses in the bars are measured by strain
gages (VISHAY CEA-06-12UN-350) attached to the
bars at the central point. The strain gage signals are
recorded using a VISHAY 2200 signal conditioner and
a TEKTRONIX TDS 420A digital oscilloscope with
1 ls time increment for data point acquisition.
Fig. 1. Sketch of the tensile split Hopkinson bar device.
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The projectile is launched at a few metre per second.
In all the tests of this work the projectile was impelled at
10 m/s.
To reach low temperatures in the specimen a climatic
chamber was specially designed to be coupled to the
Hopkinson bar device, in such a way that a portion of
the input and output bars remained inside it. The cham-
ber has two circular holes through which the bars pass
during the test. The whole set-up is shown in Fig. 2. Liq-
uid nitrogen flows inside the chamber, controlled by an
electrovalve connected to a low temperature thermocou-
ple placed close to the specimen. A fan inside the cham-
ber ensures a uniform distribution of temperature, and
the specimen was cooled during 20 min before testing
to reach the thermal equilibrium with the environment.
This exposure time was obtained from a thermal numer-
ical analysis of the heat transmission process in the spec-
imen.
2.2. Specimen bars fixture
For testing metallic materials, cylindrical dog-bone-
shaped specimens are usually screwed to the bars. This
type of specimen bar union ensures a good transmission
of the waves; however, clamping CFRP specimens to the
bars is not an easy because of their plane geometry and
high Young modulus and tensile strength; this fact is
even more difficult at low temperatures. Thus an alter-
nate clamping method had to be designed that would al-
ter the wave shape as little as possible before it reaches
the specimen.
Mechanical grips were tried, like those used in static
tests, to join the specimen to the bar [30], but we ob-
served a systematic slip of the specimen or matrix fibre
shear failure. Other mechanical clamping devices were
developed, two of them are shown in Fig. 3, but these
introduced noise in the pulses recorded by the bars
strain gages, probably due to looseness of the specimen
inside the clamps which weakens transmission of the
waves.
Finally, we adopted a gluing technique. A epoxy
adhesive was used with 20 MPa shear strength at 20 °C.
The fixtures to hold the specimen were 22 mm diameter
silver-steel cylinders, of the same material and diameter
as the input and output bars to reduce reflections. One
end had a thread to be screwed to the bars and the other
a slot 40 mm long and 3 mm thick (Fig. 4). This slot
length ensures the appropriate strength at the adhe-
sive laminate interface.
Alignment of the specimen is a key point of the tensile
test of a laminate, especially for unidirectional ones.
This was achieved by using the device shown in Fig. 5.
Both the fixture cylinders and the specimen are placed
inside the alignment device during the curing process
of the adhesive.
2.3. Specimen geometry and materials
All laminates were manufactured by SACESA
(Spain), following all the requirements of the aeronautic
industry, using AS4/3501-6 Hexcel prepegs with a volu-
metric fibre content of 60%. Two configurations were
tested in this work: unidirectional, both in fibre ([0]10)
and transverse direction ([90]10), and quasi-isotropic
[±45/0/90]S. The static mechanical properties of the tape
ply at room temperature are summarized in Table 1.
When designing the shape and size of the specimen, it
should be short enough to reach stress equilibrium as
soon as possible and its cross-section must be reduced
to ensure its failure before any debonding of the adhe-
sive layer. Additionally, due to the laminate heterogene-
ity, it should be large enough to have mechanical
properties representative of the material. From the staticFig. 2. Experimental set up.
Fig. 3. Mechanical clamping devices developed for testing CFRP
laminates: (a) union by machining a bas relief of the specimen end; (b)
union by bolt.
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mechanical properties of the laminates, the shape and
the dimensions of the specimens were estimated (Fig. 6).
Specimen thicknesses are shown in Table 2. The
thickness of the unidirectional laminate [0]10 is decreased
to 1 mm in the gage length to avoid shear failure at the
specimen widening.
3. Data analysis
From the one-dimensional wave propagation theory,
the dynamic stress strain response of the specimen may
be derived from strain histories in a section of the bars
[31]. The strain gage in the middle of the incident bar
(Fig. 7) measures the sum of the incident wave ei plus
the reflected wave er. The gage in the middle of the out-
put bar measures in the transmitted wave et. The strain
gage in incident bar was placed at a distance from the
specimen to avoid interferences of the first pulses.
Using subscripts 1 and 2 to refer to the two specimen
ends (Fig. 7), the displacements u of such sections are gi-
ven by
u1 ¼
Z
t
0
c0e1ðsÞ ds; u2 ¼
Z
t
0
c0e2ðsÞ ds; ð1Þ
where c0 is the sound speed in the bars material and t is
the time elapsed from the beginning of the test. Eq. (1)
could be written in terms of the incident, reflected and
transmitted pulses at the specimen ends
u1 ¼ c0
Z
t
0
ðe1iðsÞ ÿ e1rðsÞÞ ds;
u2 ¼ c0
Z
t
0
e2tðsÞ ds; ð2Þ
where stresses and strains are assumed positive in ten-
sion. The average strain in the specimen is
epðtÞ ¼
u1ðtÞ ÿ u2ðtÞ
L
¼ ÿ
c0
L
Z
t
0
ðe1iðsÞ ÿ e1rðsÞ ÿ e2tðsÞÞ ds; ð3Þ
where L is the specimen length. The forces at the ends of
the specimen are obtained from
F 1 ¼ EAðe1i þ e1rÞ; F 2 ¼ EAe2t; ð4Þ
where E and A are, respectively, YoungÕs modulus and
the cross-sectional area of the Hopkinson bars. Assum-
ing equilibrium in the specimen, that is F1 = F2, then
e1iðtÞ þ e1rðtÞ ¼ e2tðtÞ: ð5Þ
Fig. 4. Assembly of the fixture and specimen (lengths in mm).
Fig. 5. Alignment device for CFRP laminate dynamic testing using a
tensile Hopkinson bar.
Table 1
Mechanical properties of AS4/3501 6 ply at room temperature
Property Tape AS4/3501 6
0° Tensile modulus (GPa) 131
90° Tensile modulus (GPa) 9
0° Tensile strength (MPa) 2137
90° Tensile strength (MPa) 80
Source: Ref. [37].
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Finally stress, strain and strain rate in the specimen
could be derived as
rpðtÞ ¼ E 
A
Ap
 e2tðtÞ ð6Þ
epðtÞ ¼
2  co
L

Z
t
0
e1rðsÞ ds ð7Þ
_epðtÞ ¼
2  co
L
 e1rðtÞ ð8Þ
where Ap is the specimen cross-sectional area.
This conventional technique involves the one-dimen-
sional wave propagation theory in bars behaving elasti-
cally. According to this theory, a wave propagating in
the bar is not affected by the wave dispersion. Indeed,
it is considered that the phase velocity of such a wave
does not depend on the wave frequency. Moreover,
material damping or inelastic effects are neglected and,
Fig. 6. Dimensions of specimens (mm): (a) unidirectional laminate [0]10; (b) unidirectional laminate [90]10; (c) quasi isotropic laminate [±45/0/90]S.
Fig. 7. Measure of the strain in the Hopkinson bar device.
Table 2
Specimen thicknesses
Laminate Thickness (mm)
Unidirectional [0]10 2.0 (1.0 in the gage length)
Unidirectional [90]10 2.0
Quasi isotropic [±45/0/90]S 1.6
5
therefore, no wave attenuation occurs. Thus, for a single
wave propagating in one direction, the knowledge of the
longitudinal strain pulse at a given cross-section gives
the strain at another cross-section by time shifting, with
no change of its shape.
However, the specific characteristic of the tensile test-
ing of thin laminates at low temperature can distort the
pulses, and a verification of the hypothesis convention-
ally adopted is required. Possible distortion of the pulses
could be caused by:
 fixture device, specially the adhesive layer;
 square cross-section of the specimen;
 bar impedance variation due to cooling.
Also, wave dispersion caused by the spread of phase
velocities over the signal was examined.
3.1. Wave dispersion effects
The one-dimensional elastic wave theory is valid only
if wave dispersion due to three-dimensional effects (ra-
dial inertia of the bars) can be neglected. However, the
phase velocity depends on the frequency and the waves
would not propagate without dispersion. The dispersive
nature of wave propagation in rods was first described
by Pochhammer [32], and Love [33] developed the the-
ory related to this phenomena. Using the numerical
solution proposed by Bancroft [34], the velocity of lon-
gitudinal wave c and the velocity of a wave of infinite
wavelength c0 could be related by the following equa-
tion:
c
c0
¼ D
R
k
; m
 
; ð9Þ
where k is the corresponding wave-length, m is the Pois-
son ratio and R is the bar radius. The result of Ban-
croftÕs equation in terms of angular frequency x is
shown in Fig. 8.
The wave dispersion produces a difference between
the shape of the pulse measured at the strain gage loca-
tion and that in the bar end. To evaluate this effect in the
stress strain curve, the shape of the pulses at the bar
ends was determined using BancroftÕs equation. Taking
the origin at the middle point of the bars, where the
strain gage was placed, the incident bar end is located
at x = Lb/2 and the output bar end at x = ÿLb/2, Lb
being the bar length.
The strain at a section x of the incident bar can be ex-
pressed in the frequency domain as
~eðx;xÞ ¼ ~P iðxÞ  e
ÿcðxÞx þ ~P rðxÞ  e
cðxÞx; ð10Þ
where ~P ið!Þ and ~P rð!Þ are, respectively, the Fourier
transforms of the measured incident and the reflected
strain pulses, and c(x) is the propagation coefficient gi-
ven by
cðxÞ ¼ i 
x
cðxÞ
: ð11Þ
The strain at section 1 (end of the incident bar) can be
computed as
~e1ðxÞ ¼ ~e1
Lb
2
;x
 
¼ ~P iðxÞ  e
ÿcðxÞðLb=2Þ þ ~P rðxÞ  e
cðxÞðLb=2Þ ð12Þ
and then, written in the time domain using the inverse
Fourier transform
e1ðtÞ ¼ F
ÿ1½~e1ðxÞ: ð13Þ
In the same way, the strain in section 2 of output bar,
located at x = ÿLb/2, can be stated in the frequency do-
main as
~e2ðxÞ ¼ ~e2 ÿ
Lb
2
;x
 
¼ ~P tðxÞ  e
cðxÞðLb=2Þ ð14Þ
where ð~P t!Þ is the Fourier transform of the measured
transmitted pulse. Strain at this section in the time do-
main is obtained by means of the Fourier inverse trans-
form
e2ðtÞ ¼ F
ÿ1½~e2ðxÞ: ð15Þ
Once actual strains at the bar end, e1 and e2, are ob-
tained considering the dispersive nature of the waves,
the magnitude of the stress, strain and strain rate can
be calculated using Eqs. (6) (8).
The dispersion effect was evaluated by comparing
stress strain curves obtained by applying the above-
Fig. 8. Wave propagation velocity versus angular frequency according
to Bancroft [34].
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mentioned corrections and using the conventional the-
ory. Fig. 9 shows both results for a quasi-isotropic
laminate tested at room temperature. The tensile
strength and failure strain are very close in both
curves; the oscillations are different from one to the
other but the tendencies are the same. So, it can be
concluded that the wave dispersion effect along the
bars does no affect significantly the results from a prac-
tical view point.
3.2. Temperature influence
During a low temperature test, the bars have a tem-
perature gradient with the lowest values at their ends in-
side the chamber. This gradient would modify elastic
wave propagation due to the change of mechanical
impedance of the bars, giving rise to multiple reflection
that would not occur in a constant mechanical imped-
ance bar.
Experimental techniques to analyse the effect of tem-
perature gradient in bars were developed by Rodrı´guez
[35] and Migue´lez [36] with tests at high temperatures
on metallic materials. A stress pulse is generated in a sin-
gle bar with free end, and incident and reflected waves
are measured at the central section. The propagation
of the elastic wave is studied, with and without temper-
ature gradient, in order to evaluate the effect of imped-
ance variation. In a bar without temperature gradient,
the incident and reflected waves should be equal, only
their signs varying due to the complete reflection of
the wave at the free end, so the addition of both waves
should be zero (close to zero regarding dispersive ef-
fects). With temperature gradient, incident and reflected
pulses will differ because of the impedance variation,
and would cause a non-null value in the added waves.
According to these authors, if this value is of the same
order as that of the noise due to dispersive effects, the
impedance variation could be neglected in the signal
analysis.
In order to extend this technique to low temperature
conditions, similar tests were done at room tempera-
ture and at ÿ60 °C. The results showed that the temper-
ature gradient has no noticeable effect on the wave
propagation at ÿ60 °C. Fig. 10 shows the addition of
incident and reflected waves at both temperatures. The
difference between the curves is negligible compared to
the magnitude of the incident pulse, and thus no change
of bars impedance due to temperature was considered.
3.3. Direct strain measurement
Strain in the specimen can be obtained from Eq. (7),
as explained above, (neglecting wave dispersion and
temperature gradient effects) by means of an indirect
technique. The Hopkinson bar set-up has been com-
monly used with a cylindrical coupon where the wave
propagation is close to the one-dimensional case. The
composite laminate should also be tested with a flat cou-
pon, which introduces three-dimensional effects that
could give rise to wrong values of indirect strain meas-
urement. Therefore, the strain was also measured di-
rectly by placing strain gauges (VISHAY CEA-06-
1225UN-350) on the specimen, and was compared to
that given by Eq. (7).
Fig. 11 shows strain calculated form the elastic waves
recorded at the bars, and strain measured directly in the
specimen. These results correspond to a quasi-isotropic
laminate [±45/0/90]S tested at room temperature. Both
curves are very close during the first 25 ls, the period
when the strain gauge is attached to the specimen, and
that finishes with the onset of the failure process. Then,
fibres begin to break, the gauge debonds, and strain
measurement is no longer valid. From both strain meas-
urements, stress strain curves were derived and showed
little variation (Fig. 12).
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This analysis was done also at low temperature (using
a VISHAY WK-00-250BG-350 strain gage) and similar
results for both ways of strain measurements were ob-
tained.
Considering the specific characteristics of the test
considered in this work (wave dispersion effects, low
temperature, specimen geometry) the convenience is
seen of using the conventional Hopkinson bar theory
to calculate the stress, strain and strain rates of the spec-
imen by means of Eqs. (6) (8).
4. Experimental results
Dynamic tensile tests of CFRP unidirectional lami-
nates, in the fibre direction and transversally, and of
quasi-isotropic laminates (loading in 0° direction) were
performed at 20 and ÿ60 °C. Three specimens were
tested in each case. In order to evaluate the strain rate
sensitivity of this materials, the dynamic tensile strength,
at around 750 900 s 1, was compared to quasi-static
ones. These results were obtained by the same work
team in a previous study [37].
Figs. 13 15 show dynamic stress strain curves corre-
sponding to materials and temperatures considered.
Despite the noise level, characteristic of this kind of
tests and similar to that obtained by other authors
[23,38] is possible to determine with enough accuracy
the peak value, associated to the material strength.
When using Split Hopkinson Bar, usually only this
property is obtained from the stress strain curves
[8,23,38]. Before any stress or strain measurements
are credible, equilibrium has to be reached between
both bar ends; this needs a few reflections of the waves
along the specimen. For the coupon geometry and
material used, this condition is not achieved during
the elastic response, preventing a proper measurement
of stiffness.
Fig. 13. Stress strain curves for unidirectional laminate [0]10 at 20 and
60 °C. Strain rate around 750 s 1.
Fig. 14. Stress strain curves for unidirectional laminate [90]10 at 20
and 60 °C. Strain rate around 890 s 1.
Fig. 12. Stress strain curves calculated with the one dimensional
theory and measured by means of a strain gauge. Quasi isotropic
laminate [±45/0/90]S at room temperature. Strain rate: 860 s
1.
Fig. 11. Strain histories, calculated with the one dimensional theory
and measured by means of a strain gauge. Quasi isotropic laminate
[±45/0/90]S at room temperature. Strain rate: 860 s
1.
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In unidirectional [0]10 laminate, the main failure
mechanism is fibre breakage both in static and dynamic
conditions. Several authors have reported that carbon fi-
bres are no sensitive to strain rate at room temperature
[8] and other showed that their static mechanical prop-
erties are hardly modified by temperature [39,40]. Thus
no variation of the tensile strength is expected for the
different testing conditions. Dynamic stress strain
curves for [0]10 specimens at 20 and ÿ60 °C are pre-
sented in Fig. 13. No effect of temperature on the tensile
strength was detected. Regarding strain rate influence,
dynamic tensile strength is slightly greater than that cor-
responding to quasi-static conditions (2.14 GPa) [37],
although the difference is inside the experimental disper-
sion.
In contrast, [90]10 laminate properties are mainly re-
lated to the matrix behaviour. The epoxy resin strength
changes at low temperature. Below the principal transi-
tion temperature Tg which takes places at around 140
°C, another vitreous transition occurs at low tempera-
ture due to the activation and movements of the princi-
pal epoxy chains segments. This temperature Tb is close
to ÿ40 °C in pure epoxy, falling down to ÿ45 °C when
charges are added [41]. Tb is therefore between the two
temperatures considered in this study and the laminate
should be affected in this load direction. Fig. 14 shows
stress strain curves for unidirectional [90]10 laminate.
In this case the maximum stress increased drastically
at low temperature, over 100%. Focusing on strain rate,
it affect the properties of this laminate, as has been sta-
ted by the experimental results. Dynamic tensile strength
is 110% higher than the static value (80 MPa) [37] at
room temperature, due to viscous behaviour of the
epoxy resin [2,8,41].
The strength of quasi-isotropic laminate is governed
by fibre breakage in 0° plies. Thus the effects of temper-
ature and strain rate should be close to that observed in
the [0] laminate. As expected, Fig. 15 shows the very
slight temperature effect on the dynamic properties for
the quasi-isotropic laminate; averaged values of dy-
namic tensile strengths are the same at both thermal
conditions (Fig. 16). Regarding strain rate sensitivity,
tensile strength in dynamic conditions (890 s 1) slightly
increases above the corresponding value in quasi-static
tests (520 MPa) [37], as Fig. 17 shows. Syed and Brar
[38] have found a similar increment, testing at room
temperature and 400 s 1, a AS4/3501-6 [+45/ÿ45]S lam-
inate. Eskandari and Neme [4], testing a similar laminate
at room temperature, found a comparable increment at
a strain rate of 145 s 1.
Regarding the shape of the stress strain curves, the
[0]10 laminate shows a brittle behaviour with a sudden
drop of the stress value. For laminates with fibres ori-
ented in a direction different from zero degrees, the
curves show a plateau before failure. This is more
noticeable for the [90]10 lay-up, in which fibres does
not play a role in the strength and the load is carried
mainly by the resin, showing ductile behaviour.
The effect of temperature on the tensile properties at
high strain rates is summarized in Fig. 16. Laminates
with fibres oriented in the load direction are not sensitive
to thermal conditions in the range 20 to ÿ60 °C. In con-
trast, strength greatly increases when failure is matrix
driven. Fig. 17 shows the strain rate influence. Tensile
strength is slightly affected in laminates whose failure
is fibre driven, whereas a great increase is observed in
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laminates with 90° oriented fibres due to viscous behav-
iour of the matrix.
5. Conclusions
We studied the dynamic tensile behaviour of CFRPs
at low temperature performing split Hopkinson pressure
bar test. Both unidirectional and quasi-isotropic lami-
nates were considered.
Among the different specimen fixtures proposed by
other authors to test in tension composite laminate with
the Split Hopkinson Bar, the gluing technique showed
the advantages of avoiding slipping of the laminate, fail-
ure at the coupon ends, and noise in the reflected and
transmitted waves. This device was used successfully at
temperatures down to ÿ60 °C.
The specific characteristic of this kind of tests
(impedance variation due to temperature gradient in
bars, and three-dimensional effects in bars and speci-
men) required a detailed analysis of the influence of
these effects on stress wave propagation and thus in
the hypothesis adopted to determine the stress strain
relations. This analysis showed the validity of conven-
tional Hopkinson bar theory, which assumes one-
dimensional elastic wave propagation and constant
mechanical properties in the bars, to calculate the
stress, strain and strain rate.
The results of the dynamic tests showed little influ-
ence of temperature and strain rate on the tensile
strength of a unidirectional laminate loaded in the fi-
bre direction; in contrast, the strength increases appre-
ciably in the transverse direction at low temperature
and high strain rate. Temperature has little effect on
the in-plane dynamic properties of the quasi-isotropic
laminate considered in this work. Regarding strain
rate, a slight increase in tensile strength was observed
under dynamic loading. The rheologic behaviour of
the epoxy matrix, its phase transformation at low tem-
perature, and the non-sensitivity of carbon fibre to
temperature and strain rate explain these experimental
results.
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